Introduction
Despite the importance of sperm transport to the issues of fertility and infertility, our understanding of this process is incomplete (Kelly, 1962; Fox & Fox, 1967;  Moghissi, 1969; Hafez, 1973;  Settlage, Motoshima & Tredway, 1973;  Viring, Einarsson, Jones & Larsson, 1980; Overstreet & Tom, 1982; Hawk, 1983) .
In the rat, spermatozoa must first pass through a tightly constricted cervix (Genell, 1939) . This process requires an adequate number of pre-ejaculatory intromissions (Adler, 1969) , a well-placed copulatory plug (Matthews & Adler, 1977) , and is facilitated by the pair of rats remaining stationary for at least 1 sec during the ejaculation response (Matthews & Adler, 1978 Toner, Attas & Adler, 1986) . Transcervical sperm transport is, however, only the first stage of sperm migration.
Once past the cervix, spermatozoa must traverse 4 cm of fluid-filled uterus to reach the oviducts.
Transuterine sperm transport may depend on adequate and appropriate uterine contractions. Three lines of evidence suggest that spermatozoa are actively transported through the uterus by muscular contractions: (a) spermatozoa arrive at the oviducts too quickly (Hartman & Ball, 1931; VanDemark & Moeller, 1951; Settlage et al., 1973) for their intrinsic motility to have brought them there (Harvey, 1960) ; (b) inert materials placed in the caudal uterus are quickly transported to the oviducts (Amerbach, 1930; Krehbiel & Carstens, 1939; Egli & Newton, 1961) ; and (c) direct observation has revealed that uterine contractions move spermatozoa (or dye) up and down the uterine horns of rats (Rossman, 1938; Genell, 1939) . 'Reprint requests Mating may facilitate sperm transport via its effect on uterine contractions. Mating-associated stimulation is known to alter the rate and strength of uterine contractions in several species (e.g. cows: VanDemark & Moeller, 1951; VanDemark & Hays, 1952 , 1954 women: Masters & Johnson, 1966; rabbits: Krehbiel & Carstens, 1939; macaques: Goldfoot, Westerborg-vanLoon, Groeneveld & Slob, 1980) . Moreover, without stimulation that induces uterine contractions, the females of some species cannot achieve pregnancy (e.g. cows: VanDemark & Hays, 1954; rabbits: Hartman, 1957) .
In the rat, uterine contractions may be important for normal transuterine sperm transport.
Transuterine sperm transport and uterine contractions were both reduced when the amount of intrauterine fluid was low, whether naturally or experimentally produced (Toner & Adler, 1985) . (Csapo, 1966; Neuman, Jordan, Ronx & Knoke, 1972 (Chaudhuri, 1977 (Melton & Saldivar, 1967) . Electrodes were secured by wrapping the free end of the wire twice around the fixed end, and clipping the remainder short. The ground electrode was placed in the rectus abdominus muscle 3 cm rostral to the pubic ramus (Talo & Karki, 1976; Ishikawa & Fuchs, 1978) . Excess wire was placed in the belly; muscle and skin were closed. Postoperatively, the animals were given pentazocine (Talwin; Winthrop Labs, NY), 2 mg/kg i.m., every 8 h for the first 3 days for analgesia.
Beginning the day after surgery, uterine activity was recorded by a Grass model 7 polygraph. Pressure was relayed through a Statham pressure transducer (model P23Dc). The EMG and pressure leads were flexible, giving the female unlimited mobility within a 51 62 62 cm electricallyshielded box.
For EMG recording, a wide-band A.C. pre-amplifier (model 7P5a) was used, setting the halfamplitude high-frequency filter to 15 Hz, the half-amplitude low-frequency filter to 10 Hz, and the sensitivity in the range of 30-100 pV/cm. This setting filtered out the fluctuating baseline character¬ istic of smooth muscle (Marshall, 1967 (Marshall, , 1980 , but passed action potentials signalling muscle contractions. For recording pressure, a low-level D.C. pre-amplifier (model 7Pla) was used, setting the half-amplitude high-frequency filter to 0-5 Hz, and the sensitivity in the range of 005-0-20mV/cm. This setting recorded only persistent pressure changes; transient changes were not passed.
Treatments
Three treatments were given: mating, artificial vaginocervical stimulation, and vigorous mounting by males prevented from intromitting. Nine females were gonadally intact and 11 females were ovariectomized and treated with intramuscular injections of hormones in 0-1 ml oil: 0T0 mg oestradiol cypionate (Hanover Drug Products, Hanover, NJ) 76 and 28 h before mating, and 0-50 mg progesterone (Sigma Chemical Co., St Louis, MO) 6 h before mating.
Mating. Twelve females were mated: 9 were ovariectomized and 3 were intact. After at least 30 min of baseline recording, a male was placed in the arena with the female and allowed to mate. Mating was terminated after 1 (7 females), 2 (2 females) or 6 (1 female) ejaculatory series. Recording continued for 1 h when possible.
Artificial vaginocervical stimulation. To identify the relevant stimulus dimensions which produce the changes in uterine contractility, vaginocervical stimuli were separated from other stimuli which attend mating (olfactory, visual, auditory, and non-vaginal tactile stimuli). Thirteen females (8 ovariectomized, 5 intact) received experimenter-delivered vaginocervical stimulation in the absence of a male rat on 25 occasions. After 30 min of baseline recording, the plunger of a 1-ml syringe was repeatedly pressed against the cervix (Komisaruk & Wallman, 1977) . One 'probe' was delivered each min for 5-10 min. Recording was continued for 1 h.
Non-intromittive stimulation. Each of 20 females was also exposed to vigorous mounting by males that were prevented from intromitting. This was achieved by placing a girdle around the abdomen of males, covering the genital region. Each female, after 30 min of adaptation, was exposed to a girdled male for 10 min. Recording continued for 1 h after the male was removed.
Statistics
Data were evaluated using analysis of variance (ANOVA) and the Tukey post-hoc test.
Contraction rates were determined for up to 14 intervals in each female: (1) before mating (for 20-40 min), (2) during active mating, (3) immediately after ejaculation (5 min 
Effect ofmating
Mating had a dramatic influence on the ongoing pattern of uterine contractions. Figure 1 shows the response of one female to mating. Before mating, there were occasional, irregularly spaced contractions; mating provoked an obvious increase in contraction rate. Then the uterus was quiet for the first 5 min after the ejaculation but, thereafter there was a dramatic increase in contraction rate which lasted about 1 h. Fig. 2a ; Tukey < 0-01).
A secondary, delayed effect followed this short post-ejaculatory period. Fig. 2(b) , intact females had about one more contraction each min during the pre-mating period. Both groups responded to mating with increased contractions. After ejaculation the contraction rate returned toward the pre-mating level for the first 5 min in both groups. Thereafter, there was some convergence of the groups toward a common contractile rate, i.e. intact females showed a further slowing towards baseline levels, while ovariectomized females showed increased contractile rate to above baseline levels. 
Effect ofartificial vaginocervical stimulation
Stimulation of the vagina artificially partly mimicked the effect of intromissions on uterine contractions (f(3,114) = 28-28, < 00001). Of the 25 trials of vaginal probing, 19 showed the increased contraction rate during the probing period that was typical of mating (Tukey < 0-01). The expected fall in contraction rate in the first 5 min after the probing had stopped was shown on 19/24 occasions (Tukey < 001) and a subsequent increase in contractile activity was seen on 20/24 occasions (72% of the baselines were slow (< 0-05/min)). While the form of this reaction was the same as observed in natural mating, the amplitude of the changes was much less than that of mating (interaction F( 1,114) = 12-35, < 0-01).
Two examples are given in Fig. 4 . One female had both an immediate and a delayed response to vaginocervical stimulation (Fig. 4a) . The other female had no contractions before probing and only two during probing, but 5 min after mating began to have very regular contractions which lasted 20 min (Fig. 4b) .
Since probing did not require that the female rat be proceptive (Beach, 1976) , it was possible to assess whether the stage of the oestrous cycle had an influence on the responsiveness of the uterus to vaginocervical stimulation. Trials with experimenter probing were categorized for oestrous and nonoestrous rats. Oestrous rats included gonadally-intact females showing a nucleated vaginal smear and ovariectomized females given progesterone that day. Non-oestrous rats were the remainder. The responsiveness of the uterus was the same for the two groups. Oestrous rats had a slightly higher (non-significant) baseline contraction rate which carried through all observation periods.
Effect ofnon-vaginal mating stimulation
Girdled males mounted the females vigorously and repeatedly. Nonetheless, uterine contraction rate did not increase either during the period of active mounting or during the hour after the male was removed (F(3,39) = 1-56; NS). Between the immediate and delayed effects is the post-ejaculatory interval, the time when sperm transport through the uterus is occurring (Matthews & Adler, 1977) . During this period, there was no discernible effect on contraction rate; the uterus contracted as it had before mating. It may be that the transcervical sperm transport does not significantly depend on uterine contractions. The intraluminal fluid status of the uterus (which strongly correlates with uterine contraction rate) does not correlate with the extent of transcervical sperm transport (Toner & Adler, 1985) .
However, mating did influence contraction rate beginning 5 min after ejaculation. At this point, many spermatozoa are already in the uterus; the bulk of transcervical sperm transport has occurred (Matthews & Adler, 1977) . These sperm encounter a uterus which contracts regularly about once each min, regardless of whether it had contracted more or less frequently before. Uterine contractions (as modified by fluid level) have been shown to affect transuterine sperm transport (Toner & Adler, 1985) . Thus, the convergence of uterine contraction rate is occurring at the time when other evidence suggests that contractions play a role in sperm transport.
Vaginocervical stimulation was an important factor in producing these changes in uterine activity rates, both 'acutely' and 'chronically'. Experimenter-delivered vaginal probing mimicked the influence of mating on uterine contraction rate. Moreover, all other stimulation provided by mating (with the exception of vaginocervical stimulation) was inadequate to provoke these responses. This gives vaginocervical stimulation 'special status' among the various stimuli of mating with regard to the uterine contractile response.
Vaginocervical stimulation has been shown to be critical for other aspects of reproduction in rats. This stimulation is critical for sperm transport (Adler, 1969) , for the progestational response (Wilson, Adler & LeBoeuf, 1965) , and for ejaculatory immobility (Toner et al., 1986 (Phoenix, Copenhaver & Brenner, 1976; Baumgardner & Dewsbury, 1980) . The rapid, repetitive thrusting which occurs during an intromission (Bermant, 1961; Diamond, 1970) ; performing these behaviours may facilitate the response. Other factors may also be operating.
The baseline of contraction rates of gonadally-intact and ovariectomized, hormone-treated females were different. Intact females had more active uteri. Endocrinologically, this could be due to the high doses of oestrogen and progesterone given to ovariectomized females. Oestrogen inhibits spontaneous uterine contractility (Fuchs, 1974 (Fuchs, , 1976 Downing, Porter & Redstone, 1981) . Further, progesterone may augment this effect by inhibiting propagation of contractile activity (Daniel, Garfield, Kannan, Zelcer & Sims, 1978) .
However, results from the probing study suggest that the hormonal condition of the female may have a small influence on uterine responsiveness to vaginocervical stimulation. In this experiment the uterus responded to vaginocervical stimulation in a nearly identical way when females were in oestrus as when they were not in oestrus.
The uterus responds to mating by altering its contractile rate in every mammalian species yet studied. In some mammals this response is manifest by a train of short-lived contractions (e.g. rabbits: Fuchs, 1972 ; women: Masters & Johnson, 1966; Fox, Wolff & Baker, 1970 ). The rat also shows this pattern. In other mammals the uterus responds by increasing uterine tone (and intraluminal pressure) for a prolonged period in the form of one long contraction. Cows (VanDemark & Hays, 1952 ), sheep (van derWeyden, 1983 , dogs (Evans, 1933) and some primates (Goldfoot et al., 1980) show this pattern. In every case yet reported, the uterus responds to mating. In many cases it has been demonstrated that these contractions are linked to sperm transport and to fertility (e.g. cows: VanDemark & Hays, 1954) .
